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Abstract
Halohydrin dehalogenases catalyse the conversion of vicinal halohydrins into their corresponding epoxides,
while releasing halide ions. They can be found in several bacteria that use halogenated alcohols or com-
pounds that are degraded via halohydrins as a carbon source for growth. Biochemical and structural
studies have shown that halohydrin dehalogenases are evolutionarily and mechanistically related to
enzymes of the SDR (short-chain dehydrogenase/reductase) superfamily. In the reverse reaction, which
is epoxide-ring opening, different nucleophiles can be accepted, including azide, nitrite and cyanide. This
remarkable catalytic promiscuity allows the enzymatic production of a broad range of β-substituted alcohols
from epoxides. In these oxirane-ring-opening reactions, the halohydrin dehalogenase from Agrobacterium
radiobacter displays high enantioselectivity, making it possible to use the enzyme for the preparation of
enantiopure building blocks for ﬁne chemicals.
Introduction
The bacterial degradation of epichlorohydrin, 2,3-dibromo-
1-propanol,1,2-dibromoethaneandsomerelatedcompounds
involves a step in which a vicinal halohydrin is converted
into the corresponding epoxide and free halide. This intra-
molecular substitution reaction is catalysed by halohydrin
dehalogenases. Several different halohydrin dehalogenase
genes have been cloned and expressed in Escherichia coli
[1,2]. Sequence analysis, mutation studies and the X-ray
structure of the Agrobacterium radiobacter HheC enzyme
showed that these proteins belong to the SDR (short-
chain dehydrogenase/reductase) superfamily of enzymes.
The HheC protein and other halohydrin dehalogenases are
tetrameric enzymes with subunits of 27 kDa in which the
topology and catalytic groups are conserved, but they do not
have a binding site for a nicotinamide co-factor. Both the
halohydrin dehalogenases and the SDR enzymes possess a
conserved catalytic tetrad that is involved in abstraction of
a proton from the alcohol substrate and proton export from
the active site. This tetrad is composed of Ser/Tyr/Arg/Asp
in halohydrin dehalogenases and of Ser/Tyr/Lys/Asp in SDR
enzymes (Figure 1A). In the case of SDR proteins, the
negative charge of the deprotonated hydroxy group oxygen
is transferred via a hydride to the NAD(P)+ co-factor and a
carbonyl group is formed. In halohydrin dehalogenases, the
developing oxyanion attacks the neighbouring carbon atom
to which the halogen is bound, resulting in a nucleophilic
displacement of the halogen and formation of an epoxide
[2,3]. The HheC protein has a distinct halide-binding site,
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and stopped flow fluorescence measurements have indicated
that the release of the halide ion from the active site is the
slowest step in the catalytic cycle [4]. Based on phylogenetic
relationships, the known halohydrin dehalogenases can be
classifiedintogroupA,groupBorgroupC(HheC)enzymes
[2]. Only the structure of HheC from Agrobacterium radio-
bacter has been published, but the sequences suggest that
the epoxide-binding sites and halide-binding sites seem to
be rather different, which is in agreement with variations in
enantioselectivity and substrate spectrum.
In addition to mechanistic and kinetic investigations, re-
cent work has been aimed at expanding the biocatalytic
potential of these dehalogenases. It was found in 1968 by
Castro and Bartnicki [5] that a halohydrin dehalogenase,
thentermedhalohydrinepoxidase,couldcatalyseatranshalo-
genation reaction. Later on, the enzymes were used for the
non-enantioselective exchange of a halogen substituent with
a nitrile group [6]. More recent studies have widened the
range of epoxide substrates that can be converted and have
identified new nucleophiles that can be used in the reverse
reaction, allowing enantioselective nucleophilic epoxide ring
opening.
Biocatalysis with halohydrin
dehalogenases
Enantioselective ring-closure of halohydrins
The enantioselectivity that halohydrin dehalogenases display
whencatalysingring-closurereactionsmakesthempromising
biocatalysts for the production of optically active epoxides
and β-substituted alcohols by kinetic resolution. Whole-
cell processes were developed by Kasai and co-workers for
the production of optically active 2,3-dichloropropanol and
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Figure 1 Active site of halohydrin dehalogenase from A. radiobacter AD1
(A) Catalytic mechanism with deprotonation of the substrate hydroxy group by Tyr145, assisted by Ser132 and Arg149.
(B) Schematic view of the unproductive binding of the non-converted (S)-enantiomer of p-nitrostyrene oxide in the active
site [10].
1-chloro-2,3-propanediol, and these compounds served as a
building block for a variety of optically active compounds
[7,8]. Although the enzymes that are responsible for the
enantioselective degradation of halopropanols in these
organisms were not characterized in much detail, it is likely
that halohydrin dehalogenases play a key role, at least in 1-
chloro-2,3-propanediol degradation.
The halohydrin dehalogenase from A. radiobacter AD1
(HheC) can catalyse the enantioselective conversion of var-
ious aromatic halohydrins, yielding enantiomerically en-
riched (R)-epoxides and (S)-halohydrins [9]. A structural
explanation for the high enantioselectivity of the enzyme was
recently obtained by Dijkstra’s group by X-ray crystallo-
graphic studies, using the two enantiomers of p-nitrostyrene
oxide[10].Itappearedthatthenon-converted(S)-enantiomer
binds in a non-productive conformation with the epoxide
oxygen not oriented toward the Tyr-Ser pair, but in the
opposite direction, where it makes contact with a water mol-
ecule in the halide-binding site (Figure 1B). In this way, the
p-nitrophenyl group of the two enantiomers of the substrate
can be bound in a similar position, but the epoxide ring-
openingreactioncannotoccurforthe(S)-enantiomerbecause
the epoxide oxygen is disoriented. Free-energy calculations
obtainedbymoleculardynamicssimulationsshowedthatthe
difference in binding energy between the two enantiomers
is rather small. The difference corresponds to the loss of a
singlehydrogenbondintheenzymecomplexedwiththenon-
preferred(S)-enantiomer,which is inagreement with thepre-
sence of two hydrogen bonds between the epoxide oxygen
andenzymeinthecaseofthe(R)-enantiomer(withserineand
tyrosine), and only a single hydrogen-bond (with water)
for the (S)-enantiomer.
Whether the ring-closure reactions catalysed by halo-
hydrin dehalogenases go to completion depends, among
other things, on the type of (pseudo)halogen substituent.
The equilibrium is more towards the halohydrin form
in the order Cl− >Br− >I−. In conversions that, owing to an
unfavourable thermodynamic equilibrium, do not proceed
to completion, or in case of the use of an enzyme with a
modest enantioselectivity, the enantiomeric excess (e.e.) or
the yield of the remaining enantiomer will be low, hinder-
ing the application of the enzyme in a kinetic resolution
and reducing the product e.e. as conversion proceeds [11].
A way to overcome the reversibility problem is the use
of a tandem reaction. In this conversion, the epoxide that
is produced by HheC from A. radiobacter was trapped
away by an epoxide hydrolase originating from the same
organism, thereby producing the diol [9]. Using this system,
reactions were drawn to completion, and the remaining (S)-
enantiomers of the substrates 2,3-dichloro-1-propanol and
2-chloro-1-phenylethanol could be obtained at >99% e.e.,
with apparent E values of >100 and 73 respectively.
Mutants of HheC with a higher rate of conversion of
(R)-1-(p-nitrophenyl)-2-bromoethanol and 1,3-dichloro-2-
propanol into their corresponding epoxides were obtained
by site-directed mutagenesis of the halide-binding site [12].
This site is partially formed by a short loop that is stabilized
byhydrogen bondsthat connect the phenolichydroxygroup
ofTyr187 withtheOδ1atomofAsn 176 andNε1atomofT rp 249.
BoththeY187FandtheW249Fmutantsshowedanenhanced
kcat and an increased rate of halide release, as measured by
stoppedflowfluorescenceexperiments.Thefactthatamutant
with a higher kcat showed faster halide release is in agree-
ment with the earlier proposal that halide release is the rate-
limiting step in the conversion of these substrates [4].
The E value in halohydrin dehalogenation reactions
could also be improved by site-directed mutagenesis. The
aformentioned W249F mutant showed an enhanced enantio-
selectivity of 1-(p-nitrophenyl)-2-bromoethanol dehalogen-
ation as compared with the wild-type [12]. The affected
Trp249 is coming from an opposite subunit in the quaternary
structure and forms part of the epoxide-binding site; thus
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Scheme 1 Epoxide-ring-opening reaction catalysed by HheC
(A) Enantioselective ring opening of p-chlorostyrene epoxide with azide [9]. (B) Kinetic resolution of an epoxide with a HheC
mutant, producing a diol via an unstable ester intermediate [18]. (C) Enantioselective conversion of cyclohexyloxirane into
the corresponding cyanohydrin [19]. (D) Conversion of a 4-halo-3-hydroxybutryric acid ester into the corresponding nitrile
for producing a statin side chain building block [20].
it influences both the kcat and the enantioselectivity of the
enzyme.
Azidolysis of epoxides
Exploration of the biocatalytic potential of a halohydrin de-
halogenase using chromogenic substrates has revealed that
not only halides, but also different alternative nucleophiles,
can be accepted when the reaction is run in the reverse way,
i.e.duringepoxideringopening[13].Oneofthenucleophiles
accepted by HheC is azide. Enzyme-catalysed azidolysis of
anepoxidewasfirstdescribedforacrudeenzymepreparation
from a Rhodococcus sp. The substrate, 1-methyl-1-pentyl
ethene oxide, yielded predominantly (S)-1-methyl-1-pentyl-
2-azidoethanolatlowe.e.,andmostoftheremainingepoxide
consisted of the (R)-enantiomer [14]. Although this showed
the possibility of enantioselective biocatalytic epoxide ring
opening with azide, the enzyme that was involved remained
unknown. The only other example of azide being accepted
as a nucleophile by an enzyme is, to our knowledge, the
chemical rescue of glycosidase mutants that lack the active-
site carboxylate nucleophile of a glutamate or aspartate [15].
These observations prompted us to test whether azide,
which is considered to be a pseudohalide, can be accepted by
HheC from A. radiobacter in epoxide ring-opening reactions
[16].Itturnedoutthat,withavarietyofaliphaticandaromatic
epoxides, azidolysis is indeed a reaction that is catalysed
by HheC. For example, the conversion of p-nitrostyrene
oxide into the corresponding azidoalcohol proceeded with
high regioselectivity and enantioselectivity. The (R)-1-p-
nitrophenyl-2-azidoethanol was formed with an e.e. of 96%,
and the remaining (S)-epoxide had an e.e. of >99%. The
intrinsicenantioselectivityoftheenzymeappearedtobevery
high(E>200).Themodestenantiopurityoftheazidoalcohol
product is caused by a competing chemical azidolysis,
which, however, mainly displays α-regioselectivity, whereas
the enzyme reaction proceeds with high β-regioselectivity.
Similarly high E values with (R) preference were found for
the ring opening of p-chlorostyrene oxide (Scheme 1A), but
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Scheme 2 Carbon–carbon bond formation reactions
(1) Transaldolase; (2) transketolase; (3) hydroxynitrile lyase, produc-
ing an α-cyanohydrin; (4) halohydrin dehalogenase, producing a
β-cyanohydrin.
with styrene oxide, the uncatalysed chemical reaction was
somewhat faster, decreasing the apparent regioselectivity and
the product yield [16].
Such kinetic resolutions suffer from the disadvantage that
the yield cannot exceed 50%, a problem which can be
overcome by using a dynamic resolution in which the non-
preferred enantiomer is racemized. This principle has been
explored using HheC for the resolution of epihalohydrins,
where we exploited the fact that the enzyme has a low
enantioselectivity in the ring closure of 1,3-dihalopropanols
and a high enantioselectivity in the azidolytic ring opening
of epibromohydrin and epichlorohydrin [17]. Thus racemiz-
ation was achieved by conversion of the epihalohydrin
into 1,3-dihalopropanol, and resolution occurred through
azide-mediatedepoxideringopening,whichproducedan(S)-
1-azidohaloalcohol from the corresponding epihalohydrin.
With epibromohydrin as the substrate, the racemization
rate was very high, and an efficient dynamic resolution
was obtained. This gave the product (S)-1-azido-3-bromo-2-
propanolat>99%e.e.withayieldof77%.Thehighenantio-
purity of the product was partially caused by the preferential
conversion of the non-desired (R)-isomer of the product
by a ring-closure reaction leading to 3-azidopropeneoxide.
All of the reactions in this process, i.e. racemization,
enantioselective azidolysis of epoxide and polishing of the
product by a second ring-closure reaction, were catalysed by
the same enzyme.
Nitrite as a nucleophile
Another unexpected reaction of halohydrin dehalogenases
thatweobservedistheopeningofepoxideswithnitriteasthe
nucleophile[18].Whennitriteattackstheepoxidethroughits
nitriteoxygenatom,anitriteesterisformed(Scheme1B).This
compound is chemically unstable, especially at low pH, and
hydrolyses to the diol. In this way, halohydrin dehalogenase
acts as an alternative nitrite-dependent epoxide hydrolase. As
withazidolysis,thenitrite-mediatedringopeningofepoxides
occurs with high regioselectivity for the lesser substituted (α)
carbon atom. The enantioselectivity depends on the nature
of the epoxide substrate. It is high, with (R)-preference, with
aromatic epoxides and α,α-disubstituted epoxides, but low
with most simple terminal aliphatic epoxides. The W249F
mutant halohydrin dehalogenase mentioned above shows
an increased enantioselectivity in nitrite-mediated ring-
opening reactions as well, and the enantioselectivity of the
kinetic resolutions performed with this mutant exceeded
the enantioselectivity of most epoxide hydrolases for which
E values have been reported [18].
Cyanide-mediated cleavage of epoxides
The acceptance of cyanide as a nucleophile by a halohydrin
dehalogenase was first reported by Nakamura et al. [6] who
explored the epoxide ring opening of 1,2-epoxybutane into
β-hydroxyvaleronitrile, and from epichlorohydrin to (R)-γ-
chloro-(R)-β-hydroxybutyronitrilebyanA-typehalohydrin
dehalogenase from a Corynebacterium. The latter product
is an intermediate for the preparation of L-carnitine. HheC
from A. radiobacter also accepts cyanide, and a variety of β-
cyanoalcohols can be formed [19] (Scheme 1C). The enantio-
selectivity again depends on the epoxide that is used, and
tends to be higher for HheC than with the A- and B-type
halohydrin dehalogenases. Enantioselectivity is also better
in the case of bulky substituents than with simple aliphatic
terminal epoxides. The enantioselective conversion of α,α-
disubstituted epoxides allows formation of chiral tertiary β-
hydroxynitriles,compoundswhicharedifficulttoprepareby
other means.
An interesting cyanide ring-opening reaction was dev-
eloped by a team from Codexis, who studied the conversion
of 4-chloro-3-ketobutyric acid ethyl ester into 4-cyano-3-
hydroxybutyricacidester[20](Scheme1D).Thisproductcan
be used as a building block for certain statins which are used
as cholesterol-lowering drugs. To improve the conversion,
product inhibition had to be reduced, which was achieved by
multiple rounds of directed evolution, and the final mutant
carried 27 different mutations, including mutations that en-
hanced the stability of the enzyme by removing oxygen-
sensitive thiol groups, as described previously [21].
Conclusions
Recent studies on halohydrin dehalogenases have revealed
details about the catalytic mechanism of these enzymes,
and have shown how epoxide substrates are bound in the
active site, elucidating details of the mechanism of enantio-
discrimination. The discovery of new reactions and novel
potential applications make halohydrin dehalogenases an
important emerging class of biocatalysts. These enzymes
show unprecedented catalytic promiscuity by being able to
catalysecarbon–chlorine,carbon–bromine,carbon–nitrogen,
carbon–oxygen and carbon–carbon bond formation. The
possibility to use cyanide for epoxide ring opening shows
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thatthelistofcarbon–carbon-bond-formingenzymes,which
includesaldolases,ketolasesandhydroxynitrilelyases,should
be extended to include halohydrin dehalogenases (Scheme 2).
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